Glycerophospholipids are major structural lipids in cellular membrane systems and play key roles as suppliers of the first and second messengers in the signal transduction and molecular recognition processes. The distribution of lipid components differs among organelles and cells. The distribution is controlled by two pathways in lipid metabolism: de novo and remodeling pathways. Glycerophospholipids including arachidonic and stearic acids are mostly produced in the remodeling pathway, whereas lipid chains are reconstructed from those synthesized in the de novo pathway. Recently lysophospholipid acyltransferases have been isolated as key enzymes in the remodeling pathway, and the substrate specificity has been investigated in terms of the chemical substructures of glycerophospholipids, such as the type of head groups and the length of aliphatic chains. These experimental studies have been reported for specific organisms, and only two representative sequence motifs are known for acyltransferases: a general pattern and the pattern for membranebound O-acyltransferase (MBOAT). Here we attempt to correlate the sequence patterns and the substrate specificity of lysophospholipid acyltransferases in 89 eukaryotic genomes in order to understand the roles of this enzyme family and underlying glycerophospholipid structural variations. Using phylogenetic and domain analyses, the lysophospholipid acyltransferase family was divided into 18 subtypes. Furthermore, we examined the occurrence of identified subtypes in eukaryotic genomes, and found the expansion of these subtypes in vertebrates. These findings may provide clues to understanding structural variations and distributions of glycerophospholipids in different organisms.
Introduction
Glycerophospholipids are major structural lipids in cellular membrane systems and play key roles as suppliers of the first and second messengers in the signal transduction and molecular recognition processes [1] . They have several molecular variations stemming from the combination of three substructure components: a polar-head group and two aliphatic chains at sn-1 and sn-2 positions. Based on the polar-head group, glycerophospholipids are classified into several classes, such as phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), cardiolipin (CL), phosphatidylinositol (PI) and phosphatidylserine (PS). Combined with the variation of two aliphatic chains, over 1,000 glycerophospholipids species have been reported so far [1] .
The distribution of lipid species differs among organelles and cells. Glycerophospholipid biosynthesis is controlled by two lipid metabolism pathways: the de novo pathway [2] and the remodeling pathway [3] . Two acyltransferases, glycerolphosphate acyltransferase (GPAT) and acylglycerol-phosphate acyltransferase (AGPAT), are responsible for acylation in the de novo pathway. Because these enzymes have no substrate specificities to aliphatic chains [4] [5] [6] [7] , the biased distributions of lipid species are not generated in the de novo pathway. The remodeling pathway uses phospholiase A 2 (PLA 2 ) and lysophospholipid acyltransferases (LPLATs). PLA 2 hydrolyses the ester bond at sn-2 position of a glycerophospholipid. The produced free fatty acid and lysoacylglycerophospholipids are then used as precursors for various second messengers. LPLAT converts the remaining lysoacylgycerophospholipid into another glycerophospholipid, in which the aliphatic chain at sn-2 position may differ from that of the original one. For example, glycerophospholipids including arachidonic and stearic acids are mostly produced in the remodeling pathway [8] . Many members of the PLA 2 gene family have been cloned, and their substrate specificities for aliphatic chains have been well characterized, as well as the corresponding sequence motifs [9] [10] [11] [12] . On the other hand, only several members from the mammalian LPLAT family have been isolated [13] [14] [15] [16] [17] [18] [19] [20] , although their substrate specificity has been investigated in terms of the chemical substructures of glycerophospholipids, such as the type of head groups and the length of aliphatic chains [20] . However, these experimental studies have been performed only for certain organisms, and only two representative sequence motifs are currently registered in the Pfam motif database [21] : a general acyltransferase pattern (Acyltransferase) and the pattern for membrane-bound O-acyltransferase (MBOAT).
Here we attempt to correlate the sequence patterns and the substrate specificity of LPLATs in 89 eukaryotic genomes in order to understand the roles of this enzyme family and underlying glycerophospholipid structural variations. Using phylogenetic and domain analyses, the LPLAT family was divided into 18 subtypes. Furthermore, we examined the occurrence of identified subtypes in the eukaryotic genomes and found that these subtypes are expanded in vertebrates. These findings may provide clues to understanding structural variations and distributions of glycerophospholipids in different organisms.
Materials and Methods

Experimentally characterized lysophospholipid acyltransferase sequences
We collected all possible LPLATs (lysophospholipid acyltransferases) from completely sequenced eukaryotes to analyze species variations of glycerophospholipids (Fig. 1) . To provide initial query sequences, we retrieved experimentally characterized LPLAT encoding protein sequences from the UniProtKB database [22] using several keywords related to lysophospholipid acyltransferase followed by manual inspection for substrate specificities. We obtained 24 sequences, including 7 sequences from H. sapiens (Q6P1A2, A9EDR2, A9EDQ5, Q6UWP7, Q7L5N7, Q96N66 and Q8NF37), 6 sequences from M. musculus (Q91V01, Q3TFD2, Q8BH98, Q3UN02, Q8BYI6 and Q8R3I2), 3 sequences from D. rerio (Q6NYV8, Q502J0 and Q1LWG4), 2 sequences from R. norvegicus (Q1HAQ0 and Q5FVN0), and a sequence from each of B. taurus (Q3SZL3), G. gallus (Q5F3X0), D. melanogaster (Q0KHU5), S. cerevisiae (Q06510), S. pombe (O42916) and D. discoideum (Q54DX7).
PSI-BLAST Search for lysophospholipid acyltransferase candidates
We performed PSI-BLAST search [23] on eukaryotes in the KEGG GENES database [24] using each of the above 24 sequences as a seed. The following two conditions were used for each PSI-BLAST search:
i) The E-value threshold was set to < 10 -2 for creating the sequence set to generate a position-specific scoring matrix (PSSM).
ii) The PSI-BLAST hit should include the seed sequence, and the maximum number of iteration cycles was set to 30. iii) All of the results were integrated to produce a list of non-redundant sequences.
Clustering analysis
We divided PSI-BLAST hits into several clusters to identify non-LPLAT sequences (false positives) in the following way: i) A Smith-Waterman score matrix was constructed using all-against-all SSEARCH [17] for the sequences in the list. ii) The complete linkage method was applied to the score matrix by using the R package [26] with the threshold Smith-Waterman score > 20. LPLATs are known to have either of two Pfam motifs, PF01553 (Acyltransferase) or PF03062 (MBOAT). We considered the clusters that did not contain either of these motifs as false positives and did not use them for further analysis.
Phylogenetic analysis of each cluster
To determine the orthologous relationships among sequences, we applied the treereconciliation phylogenetic approach [27] to each of the remaining clusters. i) We used E. coli acyltransferase (eco:b2836) as the outgroup of lysophospholipid acyltransferase family to construct rooted gene trees. ii) For each cluster, a multiple sequence alignment was created using MAFFT [28] with default parameters except for max-iteration, which was set to 30. iii) If more than 10% of the sequences in an alignment region corresponded to gaps, the region was eliminated. iv) Neighbor-joining phylogenies were constructed using the NEIGHBOR program in the PHYLIP 3.6 package [29] . One hundred bootstrap replicates were generated to assess the variation in the data using the PHYLIP 3.6 SEQBOOT program. v) A species tree for the 89 eukaryotes was constructed based on KEGG taxonomy data [30] and a previously defined metazoan species tree [31] . The list of 89 eukaryotic species and taxonomic classification used in this study can be obtained from http://mbi3.kuicr.kyoto-u.ac.jp/supp/mtanaka/taxonomy_ibsb2009.txt
To detect duplication and speciation events on the gene trees, we used a phylogeny-based algorithm [27] . This algorithm fits a given gene tree to its corresponding species tree and then infers the minimum set of duplications necessary to explain the topology of the gene tree. We call the derived tree with the duplication events a reconciled tree. We manually investigated the reconciled tree to infer the orthologous and paralogous relationships for sequence pairs in a given cluster. 
Results
Identification of lysophospholipid acyltransferase sequences
We obtained 1,581 LPLAT candidates among 89 eukaryotes through PSI-BLAST. The successive clustering analysis divided them into 22 clusters. After examining the occurrence of two Pfam motifs (pf:Acyltransferase and pf:MBOAT) for each of 22 clusters, 7 clusters were considered as false positives and excluded from further analyses. Of the remaining 15 clusters, 9 clusters (429 sequences from 75 species) contained sequences with the Acyltransferase motif and the other 6 clusters (336 sequences from 75 species) contained sequences with the MBOAT motif. In total, we obtained 765 LPLAT sequences in 89 eukaryotic genomes in the 15 clusters.
Phylogenetic analysis for LPLAT sequences
The taxonomic distribution of the LPLATs in the 15 clusters is shown in Table 1 . Note that genes belonging to a cluster are sometimes highly duplicated in a specific taxonomy. For example, Deuterostomia has 3.94 sequences per species in cluster A, which is the largest cluster within the Acyltransferase family, and other taxonomies (from Protostomia to Plants) have 2.06 to 3.33 sequences per species in the cluster. Another example is cluster J, which is the largest cluster within the MBOAT family. Deuterostomia has 2.56 sequences per species, but other taxonomies have 1.00 to 1.88 sequences per species in this cluster. These results suggest that the Metazoa-specific and Deuterostomia-specific gene expansions have occurred within the Acyltransferase family and MBOAT family, respectively. In contrast, several clusters show a tandem distribution for a number of genes among different species. Deuterostomia, Protostomia and Fungi each have 1.00 sequence per species in clusters F and G, while other taxonomies have no sequences in these clusters. Similar distributions can be observed in clusters N and M. They also show sparse distributions along the wide range of taxonomies, suggesting that gene loss events have occurred frequently in these clusters.
To clarify the evolutionary process within the 15 clusters, we further examined and classified orthologous and paralogous relationships of sequence pairs by manually investigating the reconciled trees that derived from the gene trees. The gene trees for the 15 clusters were supported by bootstrap values > 45%. The number of subtypes in each cluster by this classification is shown in Table 1 . Figure 2 shows the phylogenetic relationships of cluster K. With this result, we estimated that cluster K was divided into two subtypes (α and β), and one of the subtypes was further divided into three Chordata subtypes and a Protist subtype. Therefore, this reconciled tree indicates that several gene duplication events have occurred in the Chordata lineage, and each subtype may have evolved to have the substrate specificity of LPLATs.
Applications of orthologous relationships to inferring the function of LPLATs
The branching of gene trees emerges from two events. One is the speciation event. If a branching point between genes in a given gene tree derived from a speciation event, we consider this as an orthologous relationship. The function is usually conserved between orthologous genes. The other type of event is the ancestral gene duplication event that leads to a paralogous relationship between the duplicated genes. Paralogous genes can evolve different functions. To infer the function of a given gene from the other functionally characterized genes using phylogeny-based approach, we should correctly distinguish between orthologous and paralogous relationships for each branching point in a given tree. To infer functions of LPLATs of genes with unknown function or substrate specificity, we used orthologous relationships of the 24 experimentally characterized LPLATs that were in 7 clusters among the 15 clusters. The 7 clusters included 4 clusters from Acyltransferase families (clusters A, C, D, E) and 3 clusters from MBOAT families (clusters K, L, M), and 479 LPLAT sequences in total. Table 2 shows the phylogenetic distributions of the LPLAT subtypes for which polar-head group specificity can be inferred from the experimentally characterized LPLATs.
Discussion
In this work, we classified lysophospholipid acyltransferase sequences hierarchically and also examined the relationship between subtypes and polar-head group specificity. However, we could not identify LPLAT subtypes for PS, PG, PI and CL in plants and fungi. This may be due to 24 biased query sequences that include only two fungi and no plant sequences. Therefore, we need to find such LPLAT sequences. Because we did not use several clusters in Table 1 for the substrate specificity analysis, these sequences may be classified in the uninvestigated clusters. Further investigation of the sequences in the subtypes in Table 2 may reveal novel features for the substrate specificities, which can be applied to the prediction of the function of LPLAT in those clusters.
It is difficult to elucidate the variation of glycerophospholipids only by the results for LPLAT analysis in this study. For example, Substrate specificifies of LPLAT have been reported in terms of the length of aliphatic chains [20] . However, we have not investigated them in the current study, and to examine them in detail is one of our future works. To better understand variation of the synthesis mechanisms of glycerophospholipids, we need to consider at least four other enzymes: elongases [32] , desaturases [33] , acyl-CoA synthetases [34] and phospholipases [35] . Desaturases and elongases play important roles in de novo fatty acid synthesis. Hashimoto et al reported that fatty acid variations could be predicted from the combination of subfamilies for desaturases and elongases [36, 37] . An important step in transferring fatty acids to the glycerol backbone is acyl-CoA synthesis. Variation in the acyl-CoA synthetase family has been reported based on the substrate specificity of the chain length of fatty acids [9] [10] [11] . Phospholipases are also classified into over 20 subfamilies whose acyl chain selectivities are already known. For example, cPLA2α has selectivity for arachidonic acid, and iPLA2β has no selectivity for specific acyl chains (a general purpose lipase). We must comprehensively understand the relationship between these enzymes and genetic variation among their encoding genes to elucidate the variation of glycerophospholipids in cellular membranes. 
